Infection with the obligate intracellular protozoan parasite Toxoplasma gondii is acquired primarily through the inadvertent ingestion of undercooked or raw meat containing tissue cysts or of food or water contaminated with oocysts shed by cats (24) . Therefore, initial entry of the parasite and the interaction with the host immune system take place in the intestine. Infection with 10 cysts of the ME49 strain of T. gondii results in a Th1-type response characterized by the production of gamma interferon (IFN-␥) by lymphocyte populations in the small intestine (7, 8, 11, 24) and later in the periphery (8) . Regardless of the genetic background, mice survive acute infection with 10 cysts and develop cysts in their brains. In contrast, infection with 100 cysts of the same strain of T. gondii results in death of C57BL/6 mice at 7 to 13 days after infection, whereas BALB/c mice survive (27) . Susceptible C57BL/6 mice develop massive necrosis in their small intestines, which is associated with Th1-type immunopathology mediated by CD4 ϩ T cells secreting IFN-␥, tumor necrosis factor alpha (TNF-␣), and NO in the small intestinal lamina propria (20, 26, 27, 33) .
This situation contrasts with that occurring during infection with gastrointestinal nematodes, e.g., Nippostrongylus brasiliensis. Third-stage larvae of mouse-adapted strains of the parasite infect mice through the skin, migrate to the lungs, are coughed up and swallowed, and develop into mature adults. These reside in the gut lumen, produce eggs that are excreted in the feces, and are themselves expelled (36, 47) . Th2-type responses characterized by CD4 ϩ T-cell-mediated overlapping and additive functions of interleukin-4 (IL-4), IL-5, and IL-13 develop and result in blood eosinophilia, increases in serum immunoglobulin E (IgE), intestinal mastocytosis, and expulsion of the parasite (23, 31, 47) . The gastrointestinal phase of the Th2 response is initiated after 5 to 6 days, and a maximum cytokine response is observed 10 to 14 days following infection (14, 34) .
Since coinfections are a widespread problem in the developing world (2) , analysis of immune responses in mice with concurrent infections has gained increasing interest. Particular interest has centered on the analysis of immune responses to concurrent infections with Th2-inducing organisms (helminths) and Th1-inducing organisms (intracellular pathogens), since these responses may have reciprocal counterregulatory properties. However, little is known about local immune responses, e.g., in the gut in coinfected hosts. Recently, Marshall et al. (30) reported that C57BL/6 mice chronically infected with Schistosoma mansoni and subsequently infected with 100 cysts of T. gondii show elevated plasma TNF-␣ and aspartate transaminase levels associated with severe liver pathology and subsequent death. Interestingly, Th2 responses mounted after infection with S. mansoni appeared to have ameliorated the intestinal Th1-type immunopathology in T. gondii-infected mice (34) . However, those authors did not focus their study on local immune responses in the small intestine but instead focused on those systemic responses resulting in liver pathology and mortality. Khan et al. (21) reported a protective role of infection with the nematode Trichinella spiralis in a murine model of Th1-driven experimental colitis. Furthermore, eggs of helminthes were shown to ameliorate experimental colitis in mice (12) , and products of Ascaris suum skewed immune responses against ovalbumin towards a Th2-type response (37) .
In the present study, we used a model of coinfection with N. brasiliensis and T. gondii as two paradigm Th2 and Th1 pathogens to investigate reciprocal counterregulatory properties of these organisms. We found that infection of C57BL/6 mice with N. brasiliensis did not alter immune responses to subsequent infection with 100 cysts of T. gondii and did not alleviate gut pathology or prevent death of mice. The lack of counterregulatory effects of infection with N. brasiliensis was also observed after coinfection with 10 cysts of T. gondii. In contrast, infection with T. gondii markedly suppressed both established and developing Th2 responses induced by infection with N. brasiliensis. Down-regulatory properties of infection with T. gondii on N. brasiliensis-induced Th2 responses were dependent on the genetic background of the mice and live parasites.
MATERIALS AND METHODS
Animals, parasites, and parasite antigen. Female C57BL/6, BALB/c, and NMRI mice were bred and maintained under specific-pathogen-free conditions in the animal facility of the Institut für Infektionsmedizin, Charité Campus Benjamin Franklin. Sex-and age-matched mice were 8 to 12 weeks of age when used, and there were at least five mice in each experimental group for the study of mortality and three mice in each group for the remaining analyses. Each experiment was repeated at least three times unless otherwise indicated. Cysts of the ME49 strain of T. gondii (kindly provided by J. S. Remington, Research Institute, Palo Alto Medical Foundation, Palo Alto, Calif.) were obtained from brains of NMRI mice that had been infected intraperitoneally (i.p.) with 10 cysts for 2 to 3 months as previously described (6) . For peroral infection, mice were infected with either 100 or 10 cysts by gavage. A mouse-adapted strain of N. brasiliensis was maintained and passed in Lewis rats at the Zentrum für Infektionsforschung, Universität Würzburg. Feces were collected from stock rats and served as a source of L3 after incubation of the fecal slurry. Seven hundred fifty L3 larvae were injected subcutaneously (s.c.) to establish infection. All animal experiments were approved by the Institutional Review Board.
Toxoplasma lysate antigen (TLA) was prepared by sonification of tachyzoites obtained from the peritoneal cavities of BALB/c mice infected 3 days prior with 10 6 tachyzoites of the virulent BK strain of T. gondii (kindly provided by K. Janitschke, Robert Koch-Institut, Berlin, Germany). For in vivo experiments, 1,000 g was administered orally by gavage. For in vitro restimulation of cells, TLA was prepared as described above; optimal concentrations of TLA were determined prior to use.
N. brasiliensis egg counts. To enumerate N. brasiliensis eggs, stool samples from infected mice were collected for 24 h. Stool samples from mice in one group were pooled, and two aliquots of 0.3 g of stool each were processed individually for microscopy. The number of N. brasiliensis eggs in three aliquots of 20 l of supernatant each was counted by two investigators (O.L. and I.R.D.). The numbers of eggs in stool samples are given number per gram of stool per 24 h.
Histopathology. Mice were euthanatized by asphyxiation with CO 2 at indicated time points after infection (14 days after infection with N. brasiliensis). Their small intestines were fixed in a solution containing 10% formalin, 70% ethanol, and 5% acetic acid. Sections of small intestines were stained with hematoxylin and eosin (H&E). The length of necrosis in the ileum was measured with a ruler. Three villi chosen at random from the proximal and distal areas of the small intestine were evaluated microscopically to measure the numbers of goblet cells. Sections were stained by the immunoperoxidase method with rabbit anti-T. gondii IgG antibody as previously described (10) . Briefly, a female Sandy-Loop rabbit was infected orally with 20 cysts of the ME49 strain of T. gondii. A s.c. challenge infection with the virulent BK strain (10 5 tachyzoites) was given 4 weeks later. Anti-T. gondii antibody titers were Ͼ1:10.000. The numbers of parasitophorous vacuoles that contained tachyzoites in the ileum were counted at a magnification of ϫ400 in two areas of 1 cm in length (one in the proximal part and the other in the distal part) chosen at random for each section. Results of histological evaluations were consistent between individual mice in the same group.
Blood eosinophil numbers and serum IgE levels. Blood smears were prepared and analyzed for numbers of eosinophils following Pappenheim staining (Merck, Darmstadt, Germany). One hundred white cells were counted per mouse, and the number of eosinophils per 100 white cells was determined. Total serum IgE levels were measured by using the OptEIA Mouse IgE Set (PharMingen, Hamburg, Germany) according to the manufacturer's instructions.
Lymphocyte culture and cytokine responses. Mesenteric lymph nodes (MLN) and spleens were removed from mice, and single-cell suspensions were prepared. Cells were resuspended in RPMI 1640 supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml (all from Biochrom, Berlin, Germany) and left untreated or stimulated at 37°C and 5% CO 2 with a predetermined optimal concentration of either concanavalin A (ConA) (5.0 g/ml) (Sigma, Deisenhofen, Germany) or TLA (5.0 g/ml). Cell-free supernatants were harvested after 48 h and stored at Ϫ70°C.
Cytokine assays. Cytokine analysis was carried out by sandwich enzyme-linked immunosorbent assay (ELISA) with paired monoclonal antibodies to detect IL-4 (clones 11B11 and BVD6-24G2), IL-5 (clones TRFK5 and TRFK4), IL-10 (clones JES5-2A5 and SXC-1), IL-12 (clones C15.6 and C17.8), IFN-␥ (clones R4-6A2 and XMG1.2), and TNF-␣ (clones G281-2626 and MP6-XT3) (all PharMingen). IL-13 was detected by sandwich ELISA with paired monoclonal antibodies (clones 38213.11 and BAF413; R&D Systems, Wiesbaden, Germany). Cytokines were quantified by reference to commercially available recombinant murine standards (all from PharMingen except for recombinant IL-13 [R&D Systems]), and the sensitivity of the assays was determined by calculation of the mean Ϯ 3 standard deviations (SD) for medium controls.
Statistics. Levels of significance for time to death and mortality of mice, histological changes, numbers of parasitophorous vacuoles containing tachyzoites, levels of serum IgE, blood eosinophils, and cytokine production were determined by using Student's t test and the alternate Welsh t test. Nonparametric analyses were conducted with the Wilcoxon rank sum test. Probability values of Ͻ0.05 were considered significant.
RESULTS
Experimental design. s.c. infection with N. brasiliensis results in egg deposition by mature adult worms in the small intestines at 5 to 6 days after infection, which is associated with a strong intestinal Th2-type cytokine response that peaks at 10 to 14 days after infection. Oral infection of susceptible mice with 100 cysts of T. gondii results in massive replication of the parasite in the small intestines, and T. gondii replication is associated with a strong local Th1-type response that results in development of necrosis in their ilea and death of mice at 7 to 13 days after infection (20, 26, 27) . To synchronize maximum immune responses in the intestines, we infected mice s.c. with 750 LIII larvae of N. brasiliensis at day 0 and coinfected these mice orally with 100 or 10 cysts of the ME49 strain of T. gondii 7 days later. In a second series of experiments, the reverse sequence of infections was used: 10 cysts of T. gondii were orally administered 2 or 4 weeks prior to infection with N. brasiliensis. Furthermore, 1,000 g of TLA was orally administered to C57BL/6 mice 1, 2, or 4 weeks before infection with N. brasiliensis. Analyses of systemic and local immune responses were performed at 14 days after N. brasiliensis infection in all experiments.
Infection with N. brasiliensis does not prevent Th1-mediated immunopathology following oral infection of C57BL/6 mice with T. gondii. Since infection with S. mansoni was reported to ameliorate Th1-type immunopathology following oral infection with 100 cysts of T. gondii (but instead resulted in lethal TNF-␣-mediated liver pathology) (30), we investigated whether coinfection with N. brasiliensis prevented immunopathology without causing lethal TNF-␣-mediated liver pathology. Mice coinfected with N. brasiliensis and subsequently with T. gondii did not differ in their mortality and time to death from mice infected with T. gondii alone (Fig. 1A) . Both coinfected mice and mice infected with T. gondii alone showed large areas of necrosis in the ilea (Fig. 1B, D , and E), whereas mice infected with N. brasiliensis did not develop intestinal necrosis (Fig. 1B) ; the latter mice also showed increased goblet cell numbers in the gut (Fig. 1C) . We did not observe significant differences in numbers of parasitophorous vacuoles containing T. gondii tachyzoites in the ilea of coinfected mice and mice infected with T. gondii alone (mean numbers of parasitophorous vacuoles Ϯ SD in 3 mice were 62.50 Ϯ 37.94/cm of ileum and 75.33 Ϯ 67.29/cm of ileum, respectively). Furthermore, the numbers and sizes of inflammatory infiltrates around vessels and in the parenchyma of livers were similar in the two groups of mice (data not shown). These results indicate that infection with N. brasiliensis does not alter the course of infection with 100 cysts of T. gondii and does not induce lethal TNF-␣-mediated liver pathology.
Coinfected mice show decreased systemic and local Th2
responses, while Th1 responses develop unchanged, compared to those in mono-infected mice. To investigate the reasons for the unaltered course of infection with T. gondii in coinfected mice, we compared local and systemic markers of Th1 and Th2 responses in coinfected compared to mono-infected mice.
Mice infected with N. brasiliensis showed increases in typical Th2 markers, including blood eosinophilia, elevated serum IgE levels ( Fig. 2A) , and increased concentrations of IL-4 and IL-5 in supernatants of spleen and MLN cells (Fig. 2B) . We found increased IL-13 concentrations early (days 3 and 6) after infection with N. brasiliensis; IL-13 was not detectable at the time of coinfection (day 7) and at 14 days after infection in any group (data not shown). In contrast, infection with T. gondii resulted in a marked increase in the production of Th1 markers, including IFN-␥ in serum ( Fig. 2A ) and in supernatants of spleen and MLN cells (Fig. 2B) .
In coinfected mice, we observed a marked reduction in the numbers of blood eosinophils and IL-4 and IL-5 concentrations in spleens and MLN compared to N. brasiliensis-infected mice ( Fig. 2A and B) . In contrast, concentrations of IFN-␥ in serum and in supernatants of spleen and MLN cells following in vitro restimulation with ConA were markedly increased in coinfected mice compared to N. brasiliensis-infected mice; concentrations in coinfected mice were similar to those observed in T. gondii-infected mice ( Fig. 2A and B) . The observed increases in IFN-␥ concentrations appeared to be T. gondii specific, since in vitro restimulation of spleen and MLN cells with TLA resulted in IFN-␥ concentrations that were between 40 and 90% of those obtained after in vitro restimulation with ConA (Fig. 2B) . The production of IL-12 was significantly increased in supernatants of MLN cells in coinfected mice compared to mice infected with N. brasiliensis alone (mean IL-12 concentrations Ϯ SD in three mice were 0.53 Ϯ 0.05 and 1.11 Ϯ 0.17 ng/ml; P Ͻ 0.0001) but did not differ between coinfected mice and mice infected with T. gondii alone. Serum levels of TNF-␣ increased to moderate levels following infection with either pathogen alone (Fig. 2A) ; coinfected mice had increased TNF-␣ levels compared to T. gondii-infected mice ( Fig. 2A ). Both infection with N. brasiliensis and infection with T. gondii resulted in increased IL-10 production in superna- tants of spleen and MLN cells; these levels did not differ significantly in N. brasiliensis-infected, T. gondii-infected, or coinfected mice (data not shown). IgE concentrations were increased to similar levels in sera of N. brasiliensis-infected mice and coinfected mice (Fig. 2A) ; infection with T. gondii resulted in a less pronounced increase in serum IgE levels. In addition to the above-mentioned changes in immunological parameters, we also observed markedly reduced numbers of small intestinal goblet cells in coinfected compared to N. brasiliensis-infected mice; goblet cell numbers in the former mice did not differ from those in mice infected with T. gondii ( (Fig. 3A) . However, in striking contrast to the results obtained with C57BL/6 mice, N. brasiliensis-induced IL-4 and IL-5 production remained unchanged in spleens and MLN of coinfected mice (Fig. 3B) . Serum levels of IL-4 and IL-5 were unchanged in mice infected with N. brasiliensis alone and in coinfected mice (data not shown). We observed high IFN-␥ concentrations in the same organs, and IFN-␥ concentrations did not differ in spleens and MLN in coinfected and T. gondiiinfected BALB/c mice. IFN-␥ concentrations in supernatants from cells restimulated in vitro with ConA and TLA did not differ between coinfected mice and those infected with T. gondii alone. We found that IL-4 and IL-5 concentrations in supernatants as measured by ELISA were markedly higher following restimulation of spleen and MLN cells with ConA compared to restimulation with TLA, whereas IFN-␥ concentrations in the same supernatants were similar (Fig. 3B ). In conclusion, both C57BL/6 and BALB/c mice developed marked Th1 responses upon infection with T. gondii; however, the down-regulation of systemic and local N. brasiliensis-induced Th2 response was only observed in C57BL/6 mice, suggesting that the genetic background of the mice affects the modulatory capacity of T. gondii-induced Th1 responses.
Prior infection with T. gondii suppresses the development of local and systemic N. brasiliensis-induced Th2 immune re- (Fig. 4A) . Total serum IgE levels were increased in N. brasiliensis-infected and coinfected mice but did not differ significantly between these groups (Fig. 4A) . The production of IL-4 and IL-5 by spleen (Fig. 4B) and MLN (Fig. 4C ) cells was increased in N. brasiliensis-infected compared to naive mice; mice that had been infected with T. gondii 2 weeks prior to infection with N. brasiliensis showed significantly lower levels of these cytokines than mice infected with N. brasiliensis alone. The suppression of Th2 cytokines also correlated with markedly higher and prolonged N. brasiliensis egg production (Fig. 4D) . Interestingly, when the time between infection with T. gondii and infection with N. brasiliensis was prolonged to 4 weeks, the observed suppressive effect of infection with T. gondii on N. brasiliensis-induced Th2 responses was observed for blood eosinophil numbers and IL-5 production only by spleen cells and not by MLN cells (Fig. 4B and C 
VOL. 72, 2004
T. GONDII-MEDIATED SUPPRESSION OF Th2 RESPONSES 3817 peared to be short-lived locally (in MLN) but more sustained in the periphery (blood and spleen).
Oral administration of TLA results in only weak and shortlived down-regulation of N. brasiliensis-induced Th2 responses.
The results presented thus far showed a marked suppressive effect of infection with T. gondii on both developing and established Th2 responses. Since injection of TLA has been reported to result in the rapid induction of IL-12 by splenic dendritic cells (39) , TLA (rather than infection with T. gondii) was used to modulate helminth-induced Th2 responses. For this purpose, 1,000 g of TLA was administered orally to C57BL/6 mice 1, 2, or 4 weeks prior to infection with N. brasiliensis. TLA treatment at 1 but not 2 or 4 weeks before infection resulted in a significant reduction in N. brasiliensisinduced blood eosinophilia compared to that in control mice (Fig. 5A) . Serum IgE levels showed a mild reduction in those mice treated with TLA at 1 but not 2 or 4 weeks before infection with N. brasiliensis compared to mice infected with N. brasiliensis alone (Fig. 5A ). Systemic and local markers of Th2 responses, including IL-4 and IL-5 production in spleens and MLN, did not differ between TLA-treated, N. brasiliensis-infected mice and mice infected with N. brasiliensis alone (data not shown).
To understand differences in the modulatory capacity of TLA versus infection with live parasites, the production of IFN-␥ in MLN in mice administered TLA or infected with T. gondii was determined. Six days after oral administration of TLA, IFN-␥ production by MLN was increased, but it significantly declined at 9 and 21 days (Fig. 5B) . In contrast, T. gondii-infected mice showed high levels of IFN-␥ that were maintained throughout the observation period; mice infected with T. gondii showed significantly higher IFN-␥ levels in MLN at 9 and 21 days than mice administered TLA (Fig. 5B) . Interestingly, in vitro restimulation of MLN cells with TLA re- sulted in increased IFN-␥ production by cells obtained from infected mice, whereas cells obtained from mice that had received TLA did not increase their IFN-␥ production. These results indicate that administration of TLA provides only short-term and mild suppressive effects on N. brasiliensis-induced Th2 responses. The suppressive effect was tightly associated with production of IFN-␥.
DISCUSSION
The generation of Th1 effector cells that produce IFN-␥ promotes protection against intracellular pathogens but may lead to immunopathology. In contrast, Th2 effector cells produce IL-4 and promote protection against helminthes but are also involved in allergic responses. Since each cytokine pattern is known to inhibit production of the opposing pattern, recent interest has focused on the modulation of Th1-type (Crohn's disease and rheumatoid arthritis) or Th2-type (allergy) immunopathologies by using microorganisms and their products (12-14, 16, 18, 21, 29, 30, 37, 44, 50) .
We have previously reported that C57BL/6 mice develop Th1-type immunopathology characterized by severe small intestinal necrosis and early death following peroral infection with T. gondii (27) . These pathological changes are mediated by (over)production of IFN-␥, TNF-␣, and NO (20, 26, 27, 33) and therefore show broad similarities with the immunopathology observed in patients with Crohn's disease and murine models of inflammatory bowel disease (25) . To investigate the capacity of Th2 microorganisms to modulate T. gondii-induced Th1 immunopathology, Marshall and coworkers (3, 30) coinfected mice with the trematode S. mansoni and T. gondii. The polarized Th2 responses induced by infection with S. mansoni blocked IFN-␥ and NO production and appeared to have ameliorated the intestinal pathology associated with T. gondii infection. However, TNF-␣-mediated severe liver pathology developed and resulted in the death of coinfected mice (30) . We therefore chose a different helminth, N. brasiliensis, and studied its capacity to modulate T. gondii-induced Th1 immunopathology. Comparing local and systemic immune responses, the present study focused on the importance of (i) the sequence and dose of infection, (ii) the genetic background of the mice, and (iii) differences between effects induced by live parasites and by a Toxoplasma lysate.
We observed that infection of C57BL/6 mice with N. brasiliensis did not protect against the development of T. gondiiinduced Th1-type immunopathology. Coinfected mice did not differ in the time to death, the extent of intestinal necrosis, or the numbers of Toxoplasma parasites following infection with 100 cysts of T. gondii. The lack of modulatory effects was likely caused by the failure to alter the development of T. gondii- gondii-specific IFN-␥ production. In striking contrast, coinfection with T. gondii had a dramatic down-regulatory effect on Th2 responses. Whereas N. brasiliensis-infected mice mounted strong systemic and local Th2 responses (increases in serum IgE, IL-4, IL-5, blood eosinophils, and goblet cell numbers), these Th2 markers were all markedly downregulated in coinfected mice. Whereas the decreased production of IL-5 (which is known to promote eosinophil differentiation and the release of eosinophils from the bone marrow into the circulation [9, 22] ) was associated with a decrease in numbers of blood eosinophils and intestinal goblet cells in coinfected mice, down-regulation of IL-4 in coinfected mice did not significantly alter serum IgE levels throughout the experiments performed. We speculate that the sensitivity of eosinophils to the counterregulatory effects of IFN-␥ may be higher than the sensitivity of IgE to the effects of IFN-␥ during N. brasiliensis infection (46) . Alternatively, the long half-life of IgE and the fact that total rather than N. brasiliensis-specific IgE was determined in the present study may have contributed to the lack of down-regulation of IgE in coinfected mice. The lack of counterregulatory effects of N. brasiliensis infection on the development of Th1 immunopathology and parasite replication is in striking contrast to the findings for mice coinfected with S. mansoni and T. gondii (3, 30) . These results may be caused by differences in the strength of Th2 responses, since eggs of S. mansoni are known to induce vigorous Th2 responses that modulate Th1 responses in murine and human Th1-dominated infections (1, 5, 38) . In this regard, serum TNF-␣ levels were increased in mice coinfected with N. brasiliensis and T. gondii; however, TNF-␣ concentrations in coinfected mice in our study were markedly lower than those reported to cause lethal liver pathology in mice coinfected with S. mansoni and T. gondii (30) .
One may argue that the experimental design chosen in the present study did not allow exclusion of the time between infections as an important factor for counterregulatory effects. However, mice infected simultaneously with N. brasiliensis and T. gondii as well as mice with a secondary N. brasiliensis infection also developed Th1-type immunopathology (data not shown). We therefore investigated whether protective (10-cyst infection [8, 11] ) rather than detrimental (100-cyst infection) Th1 immune responses can be counterregulated by N. brasiliensis-induced Th2 responses. N. brasiliensis-induced Th2 responses were unable to counterregulate Th1 responses associated with a nonlethal 10-cyst infection with T. gondii. Systemic and local Th2 markers were markedly decreased in coinfected compared to N. brasiliensis-infected mice, whereas IFN-␥ production was similar in the two groups. Thus, N. brasiliensisinduced Th2 responses, regardless of (i) the inoculum size, (ii) the time point of coinfection and (iii) the quality of the Th1 response (protective or detrimental), were insufficient to counterregulate T. gondii-induced Th1 responses. In contrast, infection with T. gondii, regardless of the inoculum size, showed a marked down-regulatory effect on N. brasiliensis-induced Th2 responses.
Since susceptibility to infection with T. gondii is genetically regulated (11, 27, 45) been reported to contribute to protection against infection with T. gondii by preventing overwhelming Th1 responses (41), whereas IL-5 plays a detrimental role during acute (35) and a protective role during chronic (49) infection with T. gondii.
Since N. brasiliensis-induced Th2 responses were down-regulated by subsequent infection with T. gondii, we investigated immune regulation during the reverse sequence of infections (infection with T. gondii followed by infection with N. brasiliensis). Strong suppressive effects of T. gondii-induced Th1 responses on the development of systemic and local N. brasiliensis-induced Th2 responses were found when infection with T. gondii was followed 2 weeks later by infection with N. brasiliensis. The suppression of Th2 responses in coinfected mice also resulted in increased and prolonged N. brasiliensis egg production. Of interest is that the suppressive effect of infection with T. gondii on developing N. brasiliensis-induced Th2 responses waned when infections were given 4 weeks apart.
Since infection with T. gondii strongly suppressed the development of N. brasiliensis-induced Th2 responses, we finally asked whether a similar suppression of Th2 responses is achievable by using a TLA. When oral administration of TLA preceded infection with N. brasiliensis by 1 but not 2 or 4 weeks, a mild and transient suppression of N. brasiliensis-induced blood eosinophilia was observed. This effect was associated with increases in IFN-␥ production in MLN in coinfected mice. IFN-␥ production was most likely caused by uptake of TLA by dendritic cells and subsequent IL-12 production. This mechanism has been observed following i.p. injection of mice with a TLA (similar to the preparation orally administered in our study), resulting in recruitment of dendritic cells to T-cell areas in the spleen and rapid IL-12 production (39) . However, infection with T. gondii, suggesting parasite replication, represented a significantly stronger stimulus of Th1 responses than that with TLA. The stimulus provided by infection was strong enough to suppress developing Th2 responses and down-regulate established Th2 responses induced by helminth infection. Of interest is that the route of infection did not appear to influence the suppressive effects, since mice infected i.p. with T. gondii showed suppressive effects on Th2 responses induced by N. brasiliensis that were similar to those shown by mice infected orally. This suppressive capacity is remarkable, since other immunotherapies failed to show this effect. Finkelman et al. (17) reported the failure of recombinant IL-12 to modulate N. brasiliensis-induced Th2 responses, including serum IgE levels and mucosal mast cell and eosinophil numbers, when administered after but not during the initiation of the Th2 response. In contrast, CpG oligonucleotides have been reported to successfully reverse established Th2 responses to Th1 responses in murine models of allergic diseases (16) .
Microorganisms and their products have been discussed as potential therapeutic agents for the treatment of Th1 (13, 44) or Th2 (4, 16, 29, 50) disorders. The results of the present study emphasize that the outcome of immunomodulatory strategies depends on the unique characteristics of the coinfecting organisms and other variables, including the sequence of infection, the dose and form of administration of the microorganisms (infection versus lysate injection), and the genetic background of the host. In this regard, we recently reported (15) that infection with N. brasiliensis did not interfere with elimination of Mycobacterium bovis BCG from the lung and the Th1 response induced by the latter infection. In these experiments, infection with M. bovis BCG did not down-regulate N. brasiliensis-induced Th2 responses. Thus, T. gondii appears to be a particularly strong Th2 suppressor.
Interestingly, coinfection studies involving T. gondii have been performed in the distant past, with a focus on the role of the activated macrophage and IFN-␥ production (19, 28, 32, 40, 42, 48) . In those studies, cross-protection by infection with T. gondii against unrelated organisms, including intracellular bacteria (42) , viruses (40) , fungi (19) , protozoa (32) , and helminths (including Trichinella [48] and Schistosoma [28] ), was demonstrated. More recently, Santiago et al. (43) successfully used i.p. infection of BALB/c mice with T. gondii to convert a nonhealing-phenotype infection with Leishmania major into a healing-type infection dominated by Th1-type cytokine production.
In conclusion, the results of the present study demonstrate the failure of N. brasiliensis-induced Th2 responses to modulate T. gondii-induced Th1 responses, and, vice versa, T. gondii showed strong suppressive effects on both developing and established N. brasiliensis-induced Th2 responses. These findings contribute to our understanding of the regulation of immune responses during intestinal coinfections, which are especially frequent in children in developing countries (2) . Since the immunopathogenesis of oral infection with 100 cysts of T. gondii resembles that which is operative in patients with Crohn's disease and murine models of inflammatory bowel disease (25) , our findings may also contribute to the design of Th2-inducing protocols that will modulate Th1 disorders, including Crohn's disease.
